Two luminance gratings of identical orientation and opposite directions of motion are seen as moving across one another (i.e. moving transparently) only if they differ in spatial frequency (SF) by a factor of four or more. Identical SF gratings produce counter-phase flicker. This suggests that opposite motions cancel each other at the level of motion detection. Here we show that motion transparency is perceived with two gratings of the same SF and orientation moving in opposite directions, when one grating is a first-order, luminance modulated (LM) stimulus and the other is a second-order, contrast modulated (CM) stimulus. Participants were presented with various combinations of LM and CM gratings. In experiment 1, the test stimulus contained the summation of oppositely moving LM and CM gratings. In order to assess the simultaneous perception of both motions, we used a paradigm where observers were required to discriminate the direction of motion of each component from counter-phase flicker. Results show that observers can accurately discriminate both LM and CM directions of motion in a transparent configuration. We next measured the effect of varying the contrast/modulation depth of LM and CM gratings on the perception of transparency. The perception of motion transparency depends upon the relative contrast/ modulation depth of the component gratings: raising the contrast of the LM component necessitates a greater modulation depth for the CM component if motion transparency is to be perceived. Our results are consistent with a motion system comprised of two separate, but not wholly independent, pathways for the encoding of LM and CM signals. We hypothesise that the observed contrast dependence is the result of contrast gain control mechanisms that receive inputs from separate motion systems.
Introduction
When multiple directions of motion are present in the same area of the visual field, the visual system must choose between two possible interpretations: either the motion signals arise from the same surface and should therefore be combined, or they belong to different surfaces and should be separated. When multiple signals are integrated, they result in the perception of a single direction of motion, when they are segmented, motion transparency (the motion of multiple, overlapping surfaces) is perceived. In the natural environment, motion transparency can be seen if cast shadows move across an already moving surface. Understanding the conditions under which multiple motion signals are either integrated or segmented is essential if we are to understand the mechanisms that underlie the human perception of motion.
The perception of motion transparency
In the laboratory, motion integration and segmentation have been studied extensively in stimuli containing two superimposed sinusoidal luminance gratings (plaids). The perception of transparency versus motion integration in plaid stimuli depends upon the relative motion directions of the component gratings. When component gratings differ in direction by less than about 135°, plaid stimuli are perceived as moving in a single, coherent direction (Adelson & Movshon, 1982; Kim & Wilson, 1993; Wilson & Kim, 1994a) . When they differ by more, the components are perceived as moving across one another (Kim & Wilson, 1993; Wilson & Kim, 1994a) .
In addition to their directions of motion, the relative spatial frequencies of component gratings also affect perception. When gratings move in opposite directions, transparency is perceived when the spatial frequencies of the two components differ by a factor of four or more (Cavanagh & Mather, 1989) . If spatial frequencies are similar, however, observers perceive either inconsistent fluctuations in direction of motion, or counter-phase flicker (Levinson & Sekuler, 1975) , as if the two motion signals had cancelled each other. This observation has been taken as evidence that motion detectors operate in an opponent fashion rather than employing independent channels sensitive to opposite directions of motion. Consequently, common models of motion detection (e.g. Adelson & Bergen, 1985; Reichardt, 1961) include an opponency stage.
In addition to same spatial frequency gratings, cancellation of opposing motion signals also occurs when observers view oppositely moving, equally spaced lines, or oppositely moving patterns of matched (i.e. spatially correlated) random-dots (Qian, Andersen, & Adelson, 1994) . However, when lines are randomly spaced, dot patterns are uncorrelated or when matched dot patterns are separated by more than 0.2°, observers report the perception of motion transparency (Qian et al., 1994) . A similar finding is notable in stimuli containing spatially adjacent motion: when observers view a stimulus comprised of alternating strips of oppositely moving, same spatial frequency sinusoidal gratings, no consistent direction of motion is perceived below a strip height of between 5% and 20% of the angular wavelength of the grating (Georgeson & Scott-Samuel, 2000) . These results suggest that motion cancellation is a local phenomenon, which occurs when the motion energy 1 of a stimulus is balanced within a local area.
Motion transparency and second-order processing
The above discussion of motion transparency specifically concerns stimuli where motion is defined by changes in luminance. However, the human visual system can extract information that is not defined by luminance but by other image properties such as orientation or contrast. Such stimuli are referred to as 'secondorder', as they are derived from multiple 'first-order' luminance measurements (e.g. contrast is a measurement of change in luminance). If carefully designed, second-order stimuli, in principle, cannot be detected by mechanisms sensitive to luminance-based, first-order information (Chubb & Sperling, 1988) .
There is considerable psychophysical evidence showing that human observers can detect stationary as well as moving second-order information, such as drifting contrast envelopes (Wilson & Kim, 1994b) , texture boundaries (Wilson, Ferrera, & Yo, 1992) , and drift-balanced stimuli (Chubb & Sperling, 1988) . Furthermore, the detection of summed first-order (luminance modulated) and second-order (e.g. contrast modulated) gratings moving in the same direction always equals or exceeds the performance predicted by probability summation, despite changes in the relative phase of such gratings (Lu & Sperling, 1995) . In other words, there is no phase at which a second-order signal may cancel a first-order signal, and vice versa. This phase independence suggests an early separation in the processing of first-and second-order motion. Specific sensitivity to second-order motion signals is also shown in studies reporting selective adaptation effects following prolonged exposure to contrast-defined stimuli. Direction discrimination thresholds are elevated following adaptation to contrastdefined motion stimuli. This threshold elevation is selective for both direction and spatial frequency, with little crossover adaptation between luminance and contrast stimuli (Nishida, Ledgeway, & Edwards, 1997) .
Such evidence argues in favour of two independent motion mechanisms, sensitive to either first-order or second-order information (see Lu & Sperling, 2001 for a review). The terms 'first-order' and 'second-order' are therefore often used to refer both to different forms of stimulus information and to the different mechanisms proposed to detect them. Throughout this manuscript, we shall use the terms 'first-order' and 'second-order' to refer to general classes of stimuli with motion defined by the systematic variation of 'first-order' or 'second-order' image properties, respectively. This definition of first-and second-order stimuli is independent of any proposed encoding mechanism. When describing the stimuli used in this paper, we shall specifically refer to component gratings by their modulation type (i.e. luminance or contrast modulated gratings). When discussing putative motion mechanisms, we shall refer to first-and second-order mechanisms, systems, pathways or responses.
It is still a matter of debate as to whether first-and second-order image properties are processed independently or not, and whether they are indeed encoded by different mechanisms (Grzywacz, Watamaniuk, & McKee, 1995; Johnston & Clifford, 1995; Johnston, McOwan, & Buxton, 1992; Lu & Sperling, 2001; Taub, Victor, & Conte, 1997) . Transparency offers an exciting opportunity to study the encoding of such stimuli, and the dependence between putative first-and second-order mechanisms. For a two pathway model of motion processing, one would expect stimuli comprised of the summation of two oppositely moving, same spatial frequency first-order and second-order gratings to support the perception of motion transparency only if any combination of these mechanisms takes place after the stage of their respective motion opponencies. Otherwise, these stimuli should appear to counter-phase flicker. In this paper, we investigate precisely this possibility. A failure to perceive motion transparency in stimuli containing opposing first-and second-order motions would pose problems for the two pathway model of motion processing.
Given the problems potentially posed by opposing first-and second-order motions to the two pathway model, it is interesting to note that there is some controversy as to whether stimuli containing such motions support the perception of transparency, or result in motion cancellation. Whilst Scott-Samuel and Smith (2000) have shown that, unlike first-order only stimuli, spatially separated, alternating strips of oppositely moving, same spatial frequency first-and second-order gratings do not cancel, other researchers have found evidence of such cancellation. Edwards and Nishida (2004) have shown that moving, contrast-reversing random-dot patterns are not perceived to move transparently, despite generating opposing responses in first-and second-order motion mechanisms. Cavanagh and Mather (1989) meanwhile, claim that, just as with the cancellation of oppositely moving luminance gratings, when observers are presented with summed, oppositely moving luminance modulated and contrast modulated gratings of similar spatial frequency, they experience counterphase flicker.
Establishing whether opposing first-and second-order motion stimuli cancel or lead to the perception of transparency is an important step in understanding the neural processes underlying human motion perception. The results of the experiments detailed in this paper indicate that transparency is perceived in such stimuli. This is consistent with the view that separate first-and secondorder motion pathways are present in the human visual system. However, we show that the contrast of one type of motion has an effect on the visibility of the other, indicating that the systems encoding the motion of such stimuli are not completely independent.
General methods
Three experiments were conducted on the perception of motion transparency in stimuli containing oppositely moving, same spatial frequency gratings. Two of these experiments were carried out to assess observers' ability to perceive motion transparency with summed luminance modulated (LM) and contrast modulated (CM) gratings. The remaining experiment acted as a control to aid the interpretation of our results. In experiment 1, we examined whether observers perceive both opposing directions of motion in a LM plus CM stimulus. In experiment 2, we measured the dependence of transparency perception on the relative contrast/ modulation depth of the LM and CM gratings. Finally, in experiment 3, we determined the modulation depth required for the detection of a CM grating, rather than the modulation depth required for the discrimination of its motion, in the presence of an oppositely moving LM grating. Fig. 1c shows a space-time plot for the LM plus CM transparency stimulus, together with spacetime plots for the component gratings ( Fig. 1a and b) .
Apparatus
Stimulus generation and presentation was achieved using Matlab TM , together with the Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) . All experiments were conducted using an Apple G4 PowerMac, with a LaCie ''electron22blue" CRT monitor. The mean luminance of the display was 62 cd/m 2 , with a resolution of 1024 Â 768 pixels and a refresh rate of 85 Hz. The effective refresh rate, accounting for the rate at which stimulus frames were refreshed (every six frames), was 14.2 Hz. Display calibration was achieved by measuring the luminance of each of the 256 monitor grey levels with a photometer (Minolta LS110) and selecting the grey level that minimised the error between desired and available luminance. Observers viewed the stimulus binocularly from a distance of 120 cm, with head movements restricted by a chin and forehead-rest. All stimuli were viewed in a darkened room.
Stimuli
Each experimental stimulus contained the summation of two or three vertically oriented, drifting sinusoidal modulations of a dynamic noise pattern. Noise was two-dimensional, binary noise with a base contrast of 50%. Individual noise pixels measured 2 0 Â 2 0 . New noise patterns were generated on a frame-by-frame basis every 70.6 ms. Sinusoidal modulations had a spatial frequency of 0.72 cpd, a temporal frequency of 1.6 Hz and were enveloped by a circular Gaussian of standard deviation 0.82°. Each stimulus was displayed for 700 ms.
Three classes of stimuli were used in the experiments detailed in this paper, each offering a different summation of first-and second-order sinusoidal noise modulations. Here we define the basic transparency stimulus used in all experiments. This stimulus contained a 2D dynamic noise pattern, defined as:
where x and y are spatial coordinates, L 0 is the mean luminance of the display, c N is the noise contrast (50%) and 'rand' is a binary number (+1 or À1) randomly assigned for each pixel (x,y) and each frame (t). Applying a sinusoidal modulation to the fixed, mean luminance of the noise (first term in (1)) generates a first-order LM grating:
where c L is the modulation amplitude (contrast) of the luminance grating, x s , x t , and d are, respectively, the spatial frequency, temporal frequency and phase of the sinusoid. The parameter d (±1) gives the direction of motion (+1 = left; À1 = right). Note that the above definition is for a grating with vertical orientation, the only orientation used in these experiments. Applying the sinusoidal modulation to the noise contrast (second term in (1)) generates a second-order CM grating:
where c C is the modulation depth of the CM grating. Our basic stimulus (S 1 ) is therefore the summation of a luminance modulated noise pattern and a contrast modulation of the same noise, as defined in Eq. (4).
This stimulus can be understood as two gratings moving across the same noise background. Direction of motion is defined by ''d". 
Participants
Each experiment was completed by the same three participants, including author RG. The remaining participants were both experienced psychophysical observers, although they were naïve as to the nature of the stimuli and experimental hypotheses. All observers had normal or corrected-to-normal vision.
Experiment 1: motion direction discrimination
When presented with the summation of oppositely moving LM and CM gratings (stimulus S 1 , as defined in Section 2.2), observers generally report the perception of motion transparency. This is not the case when observers are presented with a classical counterphase flicker stimulus (i.e. the summation of oppositely moving, LM gratings of identical contrast). We sought to design an experiment that could examine the encoding of opposing motion signals in LM plus CM stimuli, whilst avoiding the use of judgements based on participants' subjective appraisals. The aim of experiment 1 was therefore to ascertain whether observers correctly perceive both of the opposing directions of motion in a stimulus containing the summation of opposing LM and CM motions.
Methods
In experiment 1, observers were required to discriminate between two temporal intervals. One interval (the target interval) contained a transparent motion configuration, e.g. a LM grating moving to the right and a CM grating moving to the left
. The other interval contained the same two gratings (e.g. LM moving right and CM moving left) plus an additional grating that matched one of them, but moved in the opposite direction (e.g. LM moving left, producing first-order counter-phase flicker; see Fig. 2 ). The observers' task was to determine which of the two temporal intervals contained motion to the right.
Stimuli
In experiment 1, in addition to the transparent stimulus S 1 (defined in Section 2.2 and Eqs. (1)- (4), above), observers were presented with stimuli containing the summation of three sinusoidal modulations, defined as stimuli S 2 and S 3 , below. Stimulus S 2 is defined as
The contrast of the two oppositely moving LM gratings was always the same (i.e. c L1 = c L2 ) and their directions always opposite (i.e. d L1 = Àd L2 ). As such, this stimulus contained a counter-phasing, LM component and a drifting, CM sinusoid. Conversely, stimulus S 3 contained a counter-phasing CM signal (i.e. d C1 = Àd C2 ) and a drifting, LM sinusoid (see Fig. 2 ).
All other stimulus parameters, such as grating orientation, spatial frequencies and temporal frequency, were as defined in Section 2.2, above.
Design and procedure
Discrimination of LM and CM gratings was measured separately on a trial-by-trial basis, within the same experimental block. We randomly selected which grating was moving to the left and which was moving to the right. The grating that moved to the right was always the one under investigation (target grating). The ability to discriminate the direction of motion of this grating was manipulated by varying its contrast/modulation depth. The contrast/modulation depth of the leftward moving grating was fixed. When investigating the CM grating, the contrast of the oppositely moving LM grating was set at 7.5%. Conversely, when measuring the LM grating, the modulation depth of the CM component was set at 25%. In both cases, the contrast/modulation depth of the leftward moving grating was always suprathreshold. In the other interval, observers were presented with either stimulus S 2 or S 3 , depending on which grating of the target stimulus was currently measured (i.e. whichever moved to the right). The stimulus in this interval therefore matched the target with respect to the directions, as well as contrasts, of both LM and CM gratings. The method of constant stimuli was used in a temporal 2AFC paradigm to determine the contrast/modulation depth required for observers to discriminate rightward motion from counter-phase flicker for each of the two components. No feedback was given to observers based on their responses. The experimental design and parameters are summarised in Fig. 2 .
To be able to perform this task above chance level observers must be able to perceive the direction of motion of the rightward moving grating in the transparent stimulus. By comparing discrimination thresholds for rightward motion across multiple conditions, we . The other interval contains the summation of a leftward moving LM grating, a leftward moving CM grating, and a rightward moving CM grating (the latter two produce CM flicker) and (b) when examining observers' ability to discriminate LM motion from LM flicker, the target interval contains the summation of a leftward moving CM grating and a rightward moving LM grating (transparent configuration). The other interval contains the summation of a leftward moving CM grating, a leftward moving LM grating, and a rightward moving LM grating (the latter two produce LM flicker). In each case, the peak contrast/modulation depth of the rightward moving grating in the target interval and the counter-phasing component in the other interval were matched, and systematically varied to obtain direction discrimination thresholds. The task was to state which of the two randomly assigned intervals contained rightward motion.
are able to infer the perception of motion transparency. Let us assume that, when presenting a stimulus containing a leftward moving CM grating with a set modulation depth of 25%, and a rightward moving LM grating of variable contrast, the CM grating always remains suprathreshold. We can obtain discrimination thresholds for LM motion by varying the contrast of the rightward moving, LM grating. Let us assume that, when obtained, such thresholds are lower than the 7.5% contrast used when we present a stimulus containing LM motion to the left and CM motion to the right. If, when we obtain discrimination thresholds for CM motion, such thresholds are lower than the set modulation depth of 25%, used when CM motion is to the left, then we can be certain that in all cases where rightward motion is correctly detected, each component grating is suprathreshold. We can therefore conclude that observers can discriminate: (i) the drift direction of a LM grating in the presence of a suprathreshold CM grating moving in the opposite direction and (ii) the drift direction of a CM grating in the presence of a suprathreshold LM grating moving in the opposite direction. It follows that the underlying percept is that of two motions in opposite directions, i.e. motion transparency.
Results and discussion
Fig . 3 shows experimental results for each of the three observers. Plots show the proportion of ''correct" responses against increasing contrast/modulation depth for the signal grating, where the correct response is the interval with the transparent motion configuration. Given sufficient contrast/modulation depth, observers are able to correctly discriminate rightward motion in the transparent stimulus from counter-phase flicker in the non-target interval. This ability is independent of the type of grating and seen for both LM and CM components in the transparent stimulus. Thresholds for the three observers were obtained by taking the 75th percentile from fitted cumulative Gaussian functions for LM and CM signal discrimination. These thresholds ranged from 3% to 5% contrast for a LM grating (superimposed on a CM grating with a modulation depth of 25%) and modulation depths of 11-19% for a CM grating (superimposed on a 7.5% LM grating).
In selecting the interval containing rightward motion, observers demonstrate the ability to correctly perceive both LM and CM motions in a transparency configuration, as well as the ability to distinguish such motion from a counter-phasing signal. Readers should note that thresholds for the discrimination of each type of rightward moving grating (target gratings) are lower than the contrast/modulation depth used when the same grating is moving to the left. For example, discrimination thresholds for rightward moving CM gratings are lower than the fixed modulation depth of 25% for leftward moving CM gratings. This confirms that the leftward moving grating was always above threshold, and shows that discrimination thresholds for rightward motion are not simply attributable to the cancellation or masking of the leftward moving grating. Such a finding supports observers' subjective reports of motion transparency perception.
Experiment 2: effects of relative grating contrast
The perception of motion transparency in LM plus CM stimuli suggests that any combination of these signals must take place after the calculation of motion opponency. In other words, the visual system's initial processing of the motion of LM and CM signals must be largely separate. The extent of this separation can be revealed through the manipulation of the relative contrast/modulation depth of the component gratings. If the processing of LM and CM signals were wholly independent, the relative contrast/ modulation depth of the component gratings should have no effect on the perception of transparency. If, however, variation of luminance-contrast has an effect on the modulation depth required to perceive transparency, there must be some interdependence, at some level, between mechanisms responsible for the processing of LM and CM motion. of the 'same direction' stimulus (i.e. there was no correlation between the phases of the LM and CM gratings). All other stimulus parameters were as defined in Section 2.2, above.
Design and procedure
Observers were presented with these stimuli in a temporal 2AFC task. The observers' task in responding to these stimuli was to choose the interval that contained transparent motion (i.e. opposite directions of motion). Observers received no feedback on their responses. The contrast of the LM component was fixed at one of five levels (5%, 10%, 15%, 20% and 25%), whilst the modulation depth of the CM component was varied systematically in order to obtain thresholds for transparency detection. Fig. 4 depicts the results of experiment 2 for each of the three observers, together with mean data. Plots show modulation depth thresholds (75th percentile) for the CM grating (ordinate), plotted against the contrast of the oppositely moving LM component (abscissa). For all observers, the higher the contrast of the LM component, the greater the modulation depth of the CM grating required to allow accurate discrimination between gratings moving in opposite directions (i.e. transparently) versus gratings moving in the same direction. In other words, the perception of motion transparency from the summation of LM and CM signals is contrast dependent. Averaging over the three observers (see Fig. 4d ), one can see that this contrast dependency is approximately linear. This argues against a complete independence in the processing of luminance-defined and contrast-defined motion.
Results and discussion

Experiment 3: detection of contrast modulated gratings
The results of experiment 2 show that increasing the contrast of the LM grating necessitates an increase in the modulation depth of the CM grating, if the perception of motion transparency is to be supported. Why might such a contrast dependency arise? One possibility is that the opposing LM motion affects the encoding of the direction of motion of the contrast modulation at some level. Another possibility is that the opposing LM motion affects the detection of the CM signal. In order to examine this possibility, in experiment 3 we measured the contrast required for the detection of a CM grating, when superimposed on an oppositely moving LM grating.
Methods
Stimuli
In experiment 3, observers were presented with two forms of stimuli. One of these was the basic transparent stimulus in Section 2.2. As in experiment 1, and the target interval of experiment 2, the component gratings in this stimulus moved in oppo-
. The other stimulus presented to observers contained only a moving LM grating. This stimulus was equivalent to the case where the modulation depth of the CM grating in stimulus S 1 was set to zero. All other stimulus parameters were as defined in Section 2.2.
Design and procedure
Observers were presented with two temporal intervals containing identically moving LM gratings. One interval contained this grating alone, whilst the other interval contained an additional, oppositely moving, CM grating. The interval containing the CM grating was the target interval. The observers' task was to determine the interval that contained the CM grating. Observers received no feedback on their responses. The modulation depth of the CM grating was varied to obtain detection thresholds, at three different levels of luminance-contrast (5%, 15% and 25%). In general, thresholds are lower in experiment 3 than in experiment 2. However, this does not indicate a change in contrast dependency. Instead, such a result is expected in the case of CM stimuli. Orientation discrimination thresholds for CM gratings have been found to be consistently lower than thresholds for the discrimination of direction of motion in the same stimuli (Ledgeway & Hutchinson, 2005; Smith & Ledgeway, 1997 . Indeed, this finding has been taken as evidence to support the argument that CM motion is encoded by a mechanism distinct from that responsible for the encoding of luminance motion. In the present study, thresholds for the discrimination of motion transparency in experiment 2, a judgement requiring the correct encoding of direction of motion, are, on average, 53% higher than thresholds for the detection of the CM grating in experiment 3. This magnitude of change in thresholds is consistent with that found in previous studies ($50%, Smith & Ledgeway, 1997 .
Results and discussion
General discussion
The results of the experiments detailed here demonstrate that observers are able to perceive opposite directions of motion (i.e. motion transparency) for spatially overlapping, same orientation, same spatial frequency gratings, if one of the component gratings is luminance modulated (LM), and the other is contrast modulated (CM). Using a novel experimental paradigm, we find that observers are able to discriminate the directions of motion of each component grating. This finding demonstrates that motion cancellation does not occur in the processing of this stimulus, and supports subjective reports of the perception of motion transparency. We also find that the ability to perceive motion transparency in such stimuli is dependent upon the relative contrast/modulation depth of the component gratings. Raising the contrast of the LM component necessitates greater modulation depth for the CM component before motion transparency is perceived. Together, these results are consistent with segregated processing for LM and CM motions until at least the level of motion opponency calculations. The perception of counter-phase flicker, rather than motion transparency, in such stimuli would suggest that LM and CM signals were combined at a much earlier stage. However, the observed contrast dependency indicates that contrast-defined and luminance-defined motions are not processed entirely independently.
Prior evidence of motion cancellation
Results from experiment 1 show that observers are able to correctly determine the directions of motion of each component in a stimulus comprised of the summation of oppositely moving, same orientation and spatial frequency LM and CM gratings. Such a result provides empirical support for subjective reports of the perception of motion transparency is such stimuli. Whilst the perception of opposing motions has been reported when CM and LM gratings were presented in spatially adjacent locations (ScottSamuel & Smith, 2000) , other studies have found that motion signals of these kinds cancel. Notably, Cavanagh and Mather (1989) have provided evidence suggesting that motion cancellation results when luminance and contrast signals move in opposite directions. Cavanagh and Mather (1989) presented observers with the summation of oppositely moving, same spatial frequency LM and CM gratings on a background of two-dimensional dynamic noise. In their experiment, observers reported no perception of motion transparency from such stimuli. However, when the spatial frequencies of CM and LM gratings differed by a factor of four, transparency was reported. It is difficult to ascertain why Cavanagh and Mather's (1989) findings differ from our own, especially since a direct comparison of experimental methods is difficult with the details provided in their earlier study. One possibility is the presence of luminance artefacts in Cavanagh and Mather's (1989) original stimuli. Such artefacts could have arisen if elements (e.g. dots or pixels) in the carrier signal were large (Ledgeway & Hutchinson, 2005; Smith & Ledgeway, 1997) or if the contrast of the carrier and the modulation depth of the contrast envelope were both high (Lu & Sperling, 2001 ). Another possibility is their method for assessing transparency perception. The earlier study relied solely on subjective reports of transparency. Whilst we too make use of such subjective reports, we also show that observers are able to correctly encode the direction of motion in stimuli containing the sum of oppositely moving CM and LM signals. The divergence of these results perhaps indicates that there is, at the very least, a qualitative difference between the perception of transparency in cases where spatial frequencies differ by a large degree, as compared to those where spatial frequencies are similar.
A further study by Edwards and Nishida (2004) has provided evidence of motion cancellation in contrast-reversing randomdot stimuli. As with LM and CM gratings, the motion signals in such stimuli are purportedly encoded by distinct first-and second-order motion mechanisms. The random-dot patterns used in their study changed in contrast polarity over time and always moved in a single global direction. The presence of temporal contrast-reversals means that the first-order response to this stimulus is in the opposite direction to the true motion of the stimulus; i.e. first-order processing would signal reverse phi motion (Anstis, 1970) . However, if, as has been proposed, the second-order system incorporates a non-linearity prior to motion processing, the second-order response to contrast-reversing, random-dot stimuli should be in the direction of the true motion. Edwards and Nishida (2004) reason that, if the independence of first-and second-order motion systems is assumed, one would expect contrast-reversing random-dot stimuli to support the perception of motion transparency. However, they find that neither coherent motion, nor motion transparency is perceived with such stimuli (see also Edwards & Badcock, 1994) .
The discrepancy between Edwards and Nishida's (2004) study and our own may well be due to the use of different stimulus types. Whilst gratings excite first-order channels when they are luminance-defined or second-order channels when they are contrast-defined, a moving luminance dot will excite both first-and second-order channels (Loffler and Orbach, 1999) . Therefore, what Edwards and Nishida considered as a sole first-order signal (reverse phi motion), might actually carry both first-and second-order content. This presence of a second-order signal in the reversed direction could interact with (and possibly cancel) the second-order signal in the forward direction and explain why motion transparency is not perceived with contrast-reversing random-dots. Additionally, it has been suggested to us, by an anonymous reviewer, that the ability to perceive transparency in such stimuli may also be compromised by the distribution of first-order energy at different velocities. For contrast-reversing stimuli, first-order energy responses are distributed across a broad range of velocities. The lack of a well-defined velocity in one direction may therefore further inhibit the ability to perceive motion transparency in such stimuli.
Contrast dependency in motion transparency perception
The perception of transparent motion, rather than counterphase flicker, in stimuli containing the sum of oppositely moving LM and CM gratings, is expected if such motions are processed by separate mechanisms (Fig. 6) . If, however, these signals were processed by a single mechanism, which is unable to differentiate between LM and CM motion, the two oppositely moving gratings should cancel, irrespective of the information used to define them. This poses a computational challenge to 'single-pathway' models of motion processing (e.g. Johnston & Clifford, 1995; Johnston et al., 1992) . Recent work by Durant and colleagues (Durant, Donoso-Barrera, Tan, & Johnston, 2006) has, however, demonstrated that motion transparency may be signalled in single-pathway models through variability in local velocity measurements over time, rather than directly through the simultaneous signalling of multiple motion directions in the same spatial location. Although such variability is present in our stimulus, it should also be present in stimuli that lead to the perception of counter-phase flicker. The work by Durant and colleagues does not consider this possibility, since the stimuli used in their study do not lead to motion cancellation. It remains to be seen whether single-pathway models can simultaneously account for both the perception of motion transparency and motion cancellation.
Despite the possibility of future single-pathway accounts for the perception of motion transparency from opposing CM and LM gratings, our findings more readily support models that make use of separate mechanisms for the processing of luminance-defined and contrast-defined motion (e.g. Loffler & Orbach, 1999; Lu & Sperling, 1995; Wilson et al., 1992) . However, our finding of contrast dependency also suggests that some interaction or interdependency exists between mechanisms responsible for the processing of LM motion, and those responsible for the processing of CM motion. Below, we discuss possible causes for this dependency.
Contrast dependency in first-and second-order motion mechanisms
In discussing possible interactions between mechanisms for the processing of luminance-defined and contrast-defined motion, we shall consider these signals as being encoded by first-and secondorder motion systems. Specifically, we shall consider a widely used class of models for two-dimensional motion perception (e.g. Loffler & Orbach, 1999; Loffler & Orbach, 2003; Wilson et al., 1992; Wilson & Kim, 1994a , 1994b Lu & Sperling, 2001 ) and relate our discussion about possible locations for first-and second-order interactions to the structure of such models. Common to these models are two independent, parallel pathways, encoding first-and second-order motion, respectively. Both pathways compute motion by employing a motion energy detector (Adelson & Bergen, 1985) . In the second-order channel, the signal is full-wave rectified after initial filtering and then filtered again before motion computation takes place. This sequence of filtering, rectifying and filtering allows this pathway to respond to second-order information. Both pathways' responses are finally combined to compute a twodimensional direction of motion at any given location in the visual field. Depending on the stimulus details, and consistent with psychophysics on superimposed gratings, this model either predicts a single direction of motion or motion transparency (Wilson & Kim, 1994a , 1994b .
There are four obvious places, where signals from the two pathways could interact. The first is at, or before, the level of initial filtering (Fig. 6, 'A' ). Any type of non-linearity, be it in the stimulus display (e.g. monitor gamma non-linearity) or the visual system (e.g. photoreceptors), will distort the desired intensity values of a stimulus (e.g. Lu & Sperling, 2001; Smith & Ledgeway, 1997) . As a consequence of such distortions, a second-order stimulus might contain an undesired first-order signal (Smith & Ledgeway, 1997) . This could be the source of the observed contrast dependence, but it seems unlikely for several reasons. First, the second-order motion signal in our experiments is in the opposite direction to that of the first-order grating. Because any hypothetical first-order contamination moves in the same direction as the second-order grating that produces it, any possible contamination would only act to weaken the oppositely moving first-order signal. Given that in our experiments this first-order grating was always well above threshold, it is not clear how increasing the contrast of a suprathreshold first-order grating should affect the detection of the second-order grating.
Second, there is theoretical and empirical evidence that our stimulus design results in little or no first-order contamination produced by the contrast-defined grating. Smith and Ledgeway (1997) have shown that the nature of the modulating noise affects the amount of contamination. Modulating the contrast of a static background noise carrier results in a significant amount of first-order contamination, whereas modulating a dynamic noise carrier does not. We used dynamic noise in all our experiments to minimise the possibility of such contaminations. In addition, Lu and Sperling (2001) have examined various combinations of carrier contrasts (i.e. noise dots) and modulation depths (i.e. second-order contrast). They found that the amount of first-order contamination was minimal, and generally below threshold, for stimuli with high contrast carriers and near-threshold contrast modulations, such as those used in our discrimination experiments. Taken together, we believe that it is unlikely that a first-order distortion product generated by a second-order stimulus is the source of the contrast dependence between LM and CM components in our study.
A second place where first-and second-order signals may interact is at the level of second-order motion detection (Fig. 6, 'B' ). Whilst, in the absence of luminance artefacts, a CM grating will not excite first-order motion mechanisms, a LM grating will engender both first-and second-order responses. In our stimulus, such artefactual second-order responses would be in the direction opposite to that of the experimentally defined CM grating. Might such artefactual second-order responses therefore be responsible for our observed contrast dependencies? This seems unlikely for two reasons. First, the class of models we consider for second-order stimuli utilises a cascade of filter-rectify-filter operations (Fig. 6) . The second-stage filters in such models are generally tuned to substantially lower spatial frequencies than the first-stage filters (e.g. by an octave: Loffler & Orbach, 1999; Wilson et al., 1992) . The lower spatial frequency tuning is essential in order to enable the channel to respond to second-order structure without being simultaneously contaminated by the first-order features that define it (see e.g. Wilson et al., 1992) . The combination of rectification (which essentially doubles the spatial frequency of the carrier) and lower spatial frequency filtering at the second stage means that little, if any, signal is generated in the relevant frequency band of the second-order channel by the carrier grating or texture elements (e.g. noise dots). Thus the post-rectification filtering stage of filter-rectify-filter models should by-and-large, remove any artefactual responses in second-order detectors. We would not therefore expect the second-order pathway to receive any significant input from the first-order LM stimulus when responding to the CM grating.
In addition to this theoretical argument, a lack of artefactual second-order responses is also supported by our data. As stated above, when LM and CM gratings move in opposite directions, any second-order artefacts will be in the direction opposite to the true second-order signal. This means that, when direction of motion is discriminated, any second-order artefacts would mask (i.e. cancel) the true CM signal. However, when the presence of a second-order signal is to be detected, artefactual second-order responses would increase the overall response of the second-order channel. Therefore, if the LM grating added significant contamina- . Schematic of a model for two-dimensional motion perception (e.g. Wilson, Ferrera, & Yo, 1992) . The model utilises two independent, parallel pathways, encoding firstand second-order motion, respectively. Both pathways compute motion by employing a motion energy detector. In the second-order channel the signal is full-wave rectified after initial filtering and then filtered again before motion computation takes place. Both pathways' responses are finally combined to compute a two-dimensional direction of motion ('Integration'). There are four obvious places where signals from the two pathways could interact. (A) First-order responses could be generated by luminance artefacts, either in the stimulus, or at early stages of visual processing, (B) Second-order responses could be generated through rectification of stimuli containing luminance modulation. Squaring-based rectification would produce artefactual second-order responses at twice the spatial frequency of the original luminance modulation, (C) Interactions between first-and second-order signals might take place at the level of contrast normalisation (dashed lines) and (D) First-and second-order motion signals are combined at the final stage of the model. Theoretical and empirical evidence argues against the early (A, B) or late (D) stage as the responsible site for the observed contrast dependence in our experiments. Our data are consistent with the proposition that the contrast normalisation term for each pathway receives an input from both, first-and second-order signals (see text for details).
tion to the CM signal, we should expect to find a threshold elevation in tasks requiring the discrimination of direction of motion, and a threshold reduction in tasks requiring the detection of a second-order signal. Such a pattern of effects is not found in the present study. As such, second-order artefacts do not provide a compelling explanation for our results.
A third place where first-and second-order signals may interact is at the final stage of the model where the responses from both pathways are integrated (Fig. 6, 'D' ). The purpose of the integration is to combine signals when they are likely to belong to the same object and to separate them if they are likely to belong to different objects (allowing for transparency). This can be achieved by restricting the range of directions over which the final stage integrates (Wilson & Kim, 1994a ). In the model, and matching psychophysics, if two channels are activated that signal directions more than 120°apart, their signals are not combined. Given that the two gratings in our experiment moved in opposite directions, and therefore differed by 180°, these signals would not be expected to interfere with each other. Hence, it seems unlikely that the contrast dependence is due to operations at the stage where signals from the two pathways are integrated.
A final possibility is that the observed contrast dependence is a result of interactions at the level of contrast normalisation. Physiological recordings (Albrecht & Hamilton, 1982; Sclar, Maunsell, & Lennie, 1990) , psychophysical evidence (Stone, Watson, & Mulligan, 1990) , and computational considerations (Marr, 1982) all suggest that there should be contrast independence of cells signalling motion. However, conventional motion processing units do exhibit substantial contrast dependence (Stone et al., 1990) . Based on physiological evidence that contrast normalisation and gain control are the result of networks operating at the cortical level of the visual system (Albrecht & Hamilton, 1982; Bonds, 1989 Bonds, , 1991 Saul & Cynader, 1989) , proposals have been put forward for potential mechanisms for this process (Georgeson & Scott-Samuel, 1999; Heeger, 1992; Loffler & Orbach, 1999; Lu & Sperling, 2001; Simoncelli & Heeger, 1998; Wilson & Humanski, 1993) .
One means of achieving contrast normalisation is to weight individual detector responses by the summation of the responses of multiple detectors tuned to different orientations, spatial frequencies and locations (e.g. Heeger, 1992; Simoncelli & Heeger, 1998) . Alternatively, Georgeson and Scott-Samuel (1999) have proposed a mechanism by which detectors are able to 'self-normalise' their outputs. This self-normalisation is achieved through the calculation of a motion contrast response, where opponent-motion energy (the difference in opposing directional energy responses) is divided by 'flicker energy' (the sum of opposing directional energy responses). Rainville, Makous, and Scott-Samuel (2005) and Rainville, Scott-Samuel, and Makous (2002) have shown that motion direction discrimination is affected by flicker energy in a manner consistent with the motion contrast account of normalisation, and have shown that such effects are narrowly tuned with regards to orientation, spatial frequency and location.
It is tempting to explain the observed contrast dependency in motion transparency perception by appealing to the effects of contrast normalisation procedures. Such procedures allow for factors outside the standard classical receptive field response parameters (i.e. orientation, spatial frequency and direction of motion tuning, together with receptive field size and location) to influence the response of the unit. As such, a mechanism that sums across first-and second-order motion detectors could explain the observed contrast dependence, even if initial calculations of motion opponency are independent. At this time, the possibility of interactions between first-and second-order signals at the level of contrast normalisation has yet to be fully explored (although see Benton, 2004 , for details of a possible role for contrast normalisation in the detection of second-order motion in a single-pathway model).
If an interaction between first-and second-order systems occurred, for example if either pathway contributed to the other's contrast normalisation term (see dashed lines in Fig. 6 , 'C'), this would be expected to have an effect on the detection and discrimination of superimposed first-and second-order gratings. Assuming that the contrast normalisation is achieved by a divisive computation, 2 raising the contrast of one of the gratings would increase the magnitude of the divisive term and therefore require a higher contrast for the other grating to be visible. Normalisation of this form should affect both motion detection and discrimination in a similar way, as we observe in our experiments (see Fig. 5 ). Our data are therefore consistent with the proposition that the contrast normalisation term for each pathway receives an input from both, first-and second-order signals. Accordingly, contrast normalisation would not just reflect a measure of the total luminance-contrast of the stimulus but also of its second-order modulation depth. The possibility of such an interaction between first-and second-order processing warrants further investigation.
Contrast dependency from third-order processing
Beyond the structure of separate first-and second-order motion mechanisms, a further possible point of interaction between LM and CM motion signals is at the level of third-order motion detection. Where first-and second-order systems are modelled as detectors of LM and CM motion energy, proposed third-order mechanisms are held to detect motion through feature tracking (Lu & Sperling, 2001) . It is possible that the outputs of such third-order, feature tracking mechanisms contribute to our finding of contrast dependency. Since sensitivity to third-order motion is based on the measurement of spatiotemporal changes in feature salience (Lu & Sperling, 2001) , raising the contrast of the LM grating in our stimuli could have raised the modulation depth required for the third-order system to detect the CM gating. The observed contrast dependency could therefore be due to the cancellation of lower salience third-order motion signals by opposing higher salience signals. Indeed, there is some evidence to suggest that both second-order motion detectors and third-order, 'feature tracking' mechanisms are involved in the processing of second-order stimuli (Ledgeway & Hess, 2000) .
Summary
The research presented here has shown that, when presented with the sum of oppositely moving LM and CM gratings, observers are able to discriminate the direction of motion of either component. This finding supports subjective reports of the perception of motion transparency in such stimuli and is consistent with the idea that LM and CM motions are processed separately at least up until the level of motion opponency calculations. We further establish that the ability to perceive motion transparency in such stimuli is dependent on the relative contrasts of the two gratings. Such contrast dependency is consistent with an interaction between separate first-and second-order motion systems at the contrast normalisation stage.
2 Different models for contrast gain controls employ different computations, e.g. feed-forward versus feedback, multiplicative versus divisive computations. However, Heeger (1992) showed that a multiplicative feedback network achieves an effectively divisive normalisation (at its steady state), a logical consequence of the mathematical equivalence of feedback multiplication and feed-forward division (Heeger, 1992) . Therefore, most of the contrast gain models achieve contrast normalisation effectively by division.
